Abstract: The paper describes the development of an autonomous electrical vehicle to be used for weed mapping in precision agriculture with special focus on the conceptual framework of the control system. The lowest layer of the control system is the propulsion and steering control, the second layer coordinates the movements of the wheel units, the third layer is path execution and perception and the upper layer performs planning and reasoning. The control system is implemented on an autonomous vehicle. The vehicle has been tested for path following and position accuracy. Based on the results a new vehicle is under construction.
INTRODUCTION
Modem agricultural field machinery is computerized and equipped with a number of sensors allowing a new form of field treatment, the s-called precision agriculture. Precision agriculture implies that the production processes must be controlled according to the demands of plants and environment in a site-specific way for example may a chemical spraying process have a site less than few square meters. The process require exact weed and crop information. A camera placed on a sprayer may be a solution but presently the image analysis technology does not have sufficient capacity. Instead may an autonomous field robot (vehicle) make images (weed maps) in the field and these maps may be used later in the spraying operation. [l] , [a], [q, [4] .
In the project described in this paper a vehicle (mobile robot) for mapping the spatial density of weed and crop in a field is described. The weed map allows a variable treatment in the chemical spraying process because some modern sprayers using the globalpositioningsystem (GPS) are able to vary the amount of chemicals according to a weed map. This variablerate spraying necessitates less chemicals than a traditional spraying. The aim of a map is to show the total weed density and the weed density variations. In order to minimize the amount of spraying chemicals and to secure an efficient weed treatment, a dense m a p grid is required in areas with large density variations.
Normally the mapping of the field may be done in a tixed spatial grid but also information ahout last years weed densities may be taken into account, resulting in a dense grid map for some areas. Another possibility is to use adaptive route planning based on information of the weed density. This solution demands a real time on board image analysis. Recognition of weed sorts on the seed-leaf stage requires a high picture resolution and an advanced image analysis. At present this sort of image analysis is time consuming and needs a power full computer. Due to the demand of the mapping efficiency an on board image anal-project. The faciity of a varying spatial grid is obtained by off-line analysis of the collected images from data acquisition in a fixed grid followed by reroute planning.
The vehicle i s part of an integrated field inform* tion system also including a stationary base station/the farmers personal computer. Data transmission between the vehicle and the PC is based on wireless communication making remote control of the vehicle and transmission of the collected data to the farmers PC possible. It has been chosen to base the data handling on common standard products to obtain an easy integration with other computer-based farming tools.
In the future the vehicle also may be equipped with tools for mechanical removing of weed and/or tools for site-specific fertilizing but at the time the most important task is to create field maps showing the condition of the field. Today information about the weed pressure in the field rely on manual inspection which is time consuming and an inaccurate operation. Autonomous. The mapping of the field must be carried out automately and with a minimum of man-powm to increase the working capacity in precision farming.
All-terrain. The vehicle must be manoeuvrable in all sort of fields.
Light and small sized. To avoid tractosis and to minimize the energy consumption the yehicle must be light.
Robust. The vehicle must be resistant to vibrations and shoeks. To obtain the necessary precision of the image collection and to r e ceive a small turning radius a good manoeuvrability is appropriate.
Manoeuvrability.
Ree height of approx. 0.5 m. To avoid damage of the crops.
Capacity. To analyse an appropriate area a velocity of min 8 km/h is desireable. The specifications result in construction of a prototype vehicle shown in figure 1.
THE DATA ACQUISITION PLATFORM
The construction of the data acquisition platform is based on the above mentioned demands
Due to a time l i i t e d period for field tests -one month a year -it was necessary to choose the tasks to be investigated in the first prototype. It was chosen to gain experience in fields of positioning, manoeuvrability, data communication and control system architecture. Mechanical stability and robustness was given a low priority.
The prototype vehicle height is 0.6 m due to the demand on a free height of at least 0.5 m. To achive good stability a width of 1 m is chosen as well as a length of 1 m. In general the electrical system on the vehicle consists of the vehicle electronics and the payload electronics (the cameras and the image analysis computer) furthermore there is a wireless connection to the base station. The base station consists of a PC, a wireless LAN connection and the GPS reference station including the radiolink to the vehicle.
The vehide is equipped with a PC-104 for control purposes, and on-board data communication is established as a RS 485 network with five specially designed nodes for wheel and steering control. The same type of node and communication is used for the sonar system. The GPS, the gyro and the magnetometer data is send to the PC-104
by a RS 232 connection as data is available with a frequency of 1 Hz. The wireless connection is established making it possible to download software and route plans from the base to the vehicle and to send plant information in the opposite direction.
The wireless communication between the vehicle and the farmer PC is implemented as a wireless LAN connection. In the fields the wireless LAN shows satisfactory results using a 11 Mh connection up to a distance of 1 km, making it well suited for guidance and controlpurposes, though a higher capacity is required for on-line image transmission.
Estimation of the position is primary based on the global positioning system, GPS, (TopCon Legacy-E with radiolink Sate1 satelline 3ADs). To achieve optimal position determination and to avoid malfunction in the case of GPS drop out sensor fusion using odometry and inertial sensors (magnetometer Honeywell HMR3000, rate gyro KVH E core2000 rd21000 and encoders Hengstler RI58) generate estimates of the vehicles position and orientation [SI. Furthermore to achieve accuracy in fields with crop rows the above mentioned sensors are fused with a row camera avoiding that the vehicle damages the crops. On the prototype vehicle a sonar system able to give a warning if an obstk d e in a range of 10 m is detected was tested.
CONTROL SYSTEM
The idea behind the control system architecture is to separate the vehicle tasks into well defined The control system consists of four layers,
The lowest layer is the propulsion control and the steering control. These controllers use feedbadr from encoders and motor momentum. The references to the controllers are wheel velocities and wheel angles. 
where wf is the 6 x 4 wheel velocity, R the wheel radius and h the distance between the front and back wheels. The steered wheel velocities, w . 1 ,~. 2 , are given by:
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where L is the distance between the steering wheels. The two steering angles are given by:
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The third layer is the path execution and the perception. Input to the path execution is desired x,y coordinates, and the x,y coordinates calculated from measurements by the perception part. From these coordinates the path execution calculates the desired vehicle velocity and yaw. The perception estimates the x,y Coordinates of the vehicle using GPS as the primary sensor making it possible to achieve an accuracy within few centimetres. To achieve optimal position determina tion and to avoid malfunction in the case of GPS drop out m o r fusion using odometry and inertii sensors generate estimates of the vehicle position and orientation. Furthermore to achieve accnracy in fields with crop rows the above mentioned sensors may be fused with the row camera in order to avoid crop damages by the vehicle. K h a n filtering is an essential part of the perception. late a proper trajectory for investigation of the weed pressure in the field. The field map is constructed in two steps. In the first run with a iixed spatial grid and secondly a dense grid is used in some areas. Route planning for the second run is based on analysis of the registered weed densities from the fist run as the weed variations are essential to precision agriculture.
F~ELD TESTS
To evaluate the guidance and control system of the prototype vehicle a route consisting of leftfright turns and straight lines as shown in figure 4 was constructed with start coordinates in (0,O) and stop coordinates in (-5,24). turn where an error of + 30 cm appears. As seen the specification of an accuracy of 50 cm in turning manoeuvres is fulfilled whereas the exactness of 10 cm following a straight line is not completely obtained. This lack of accuracy mainly occurs due to the slow response of the steering motor, an issue that has to be taking into account in the design of the next generation.
GUIDELINES FOR THE NEXT FIELD DATA ACQUISITION VEHICLE
The aim of the fist prototype was to gain experience in the fields of positioning, manoeuvrability, data communication and control system architecture. Based on the field test results and the construction experiences guidelines for the next field data acquisition vehicle will be specified.
To get a better manoeuvrability e.g. the possibility of a momentary change of direction the next prototype will be constructed with four wheel drive and four wheel steering (eight DC motors in total). To obtain modularity four simiiar wheel units each consisting of 2 DC motors and sensors for measuring the wheel angle, the wheel speed and the momentum will be used in the new vehicle.
The dimension of approx. 1xlxO.6 meters seems to be appropriate due to the stability and the load of sensing equipment.
The control system has not been fully implemented in the fist prototype. The control system design shows satisfactory results due to the implemented parts. In the next prototype the overall design structure will be retained. The "low level" four wheel steering concept requires a new control strategy. Integration of a crop row detection camera to the navigation level will be an important issue. On the supervisory level fault tolerance and safety aspects are important to the autonomy.
To secure an easy integration with other autcmated agricultural equipment standardization of the data communication system by use of a general field-bus will be an issue for the next protctype. CAN is at present the dominating standard for agricultural vehicles, and will be used for the wheel units communication to the main steering computer as well as for the other measuring units as GPS etc.
The payload must be integrated in the next version. On board the vehicle will he installed three cameras, one for registration of the over all weed pressure, one for registration of the weed types and one able to detect crop rows. Furthermore a computer to save images for intensive analysis is on board. A research task for the next prototype will be integration of this equipment by use of the same CAN-protocol.
SUMMARY AND CONCLUSIONS
In this paper the development of an autonomous vehicle for weed and crop registration is presented with special emphasis on the control system.
In the design special attention has been given to conceptual framework of the control system and to standardize the electrical integration of sensors, actuators and control computer by use of industrial standards.
A conceptual framework for the control system consisting of a h i e r d c a l four layer model general useable for industrial autounomous vehicles is constructed. The framework handles propulsion and steering control, motion control, path execution and perception as well as planning and re* soning. The control concept is implemented exept the planning and reasoning level. The vehicle is tested in the areas of steering and path followiug. The test results show that there remain a number of limitations in our purposed approach. One involves application of an adequate manoeuvrebility which may be obtained by four wheel steering. Another is inclusion and integration of the rowcamera to achive a better accuracy when driving in crop rows. The pay load integration on the vehicle is another remaining part. These limitations will be taken into account in the next prototype which is under construction. anddata communication is evaluated. On the first prototype the on board data communication was implemented as RS 232 and RS 485 connections. At present data communication on board agricultural equipment use a CAN field bus therefore in the next prototype the on board wmmunication will be based on CAN.
